We have studied experimentally within the pH range of 3.65-5.5 at 50°C the hydrolysis of cellobiose with Novozym 188, a commercial product with high -1,4-glucosidase activity derived from Aspergillus niger. We used wide variations in the conversion to be able to apply the integral method and thus determine that there is substrate and mixed product inhibition. Whether the SES triple compound contributes to the formation of glucose does not influence the fitting of the experimental results to the theoretical model to any significant extent. We have established how pH affects the kinetic parameters and ascertained that pH 4.3 is the optimum for the conversion of cellobiose into glucose.
Introduction
To obtain the highest yields in the form of glucose from lignocellulose waste, it must be hydrolyzed with cellulases (after appropriate pretreatment). Unfortunately the most widely used cellulases, derived from Trichoderma viride and Trichoderma reesei, have low -1,4-glucosidase activity, and so the principal product of this process tends to be cellobiose (1) , which acts as an inhibitor of endoglucanases and exoglucanases. Thus, it is worthwhile to supplement the cellulases with -1,4-glucosidase from other sources (2, 3) . This can be added to the medium either freely or in an immobilized form. Therefore, the process of obtaining -1,4-glucosidase from Aspergillus is of considerable interest to biotechnology as it is fairly cheap to produce.
In a previous paper (4), we described the application of the initial-rate method to the study of the hydrolysis of cellobiose with Novozym 188, a liquid enzyme preparation with high -1,4-glucosidase activity derived from Aspergillus niger. The results of that study showed that at pH 4.9 there is substrate inhibition between 40 and 60°C with the SES triple compound, which contributes to glucose production, while at 70°C a significant deactivation of the enzyme takes place.
With the aim of obtaining a kinetic equation directly applicable to an enzyme reactor design, we have studied the influence of pH on the hydrolytic conversion of cellobiose into glucose, including in our calculations any possible inhibition on the part of the product. We conducted various experiments intended to give us wide variations in conversion results and thus render our findings more reliable.
Materials and Methods
The enzyme used was Novozym 188, a commercial preparation of -1,4-glucosidase (cellobiase) derived from A. niger (Novo Nordisk A/S, Bagsvaerd, Denmark) with an activity of 250 CbU/g. The cellobiose unit, CbU, corresponds to the quantity of enzyme that during a period of 15 min at 40°C and pH 7 gives 2 µmol of glucose per minute from 4.43 mM cellobiose. The substrate was D-(+)-cellobiose (Sigma Chemical Co. Louis MO, USA).
Enzymatic hydrolysis was carried out at 50°C, and pH was regulated by sodium acetate-acetic acid buffer to 5.5, 4.9, and 4.3 and by sodium citrate-citric acid buffer to 3.65.
The reaction mixture was made up of 1 mL of cellobiose solution and 1 mL of enzyme solution to final concentrations of 1, 10, and 100 mM of cellobiose and between 0.005 and 2 g/L of enzyme. When the prearranged reaction time, t R , had finished it was stopped by dipping the assay tube into boiling water for 5 min (5, 6), which gives (4) an additional time, t S , of 5.75 min, and thus a total reaction time, t, of t R + t S .
To analyze the glucose concentration we used the glucose oxidase method (7), having first established that Novozym contains a small amount of glucose (0.14 g glucose/g Novozym), which we took into account in our calculations.
To make sure that there was no appreciable deactivation of the enzyme, we conducted initial experiments at 0.5 and 1 g/L of Novozym and 100 mM cellobiose, during which the enzyme solutions were kept at 50°C for up to 5 h , t P , before beginning the process of hydrolysis. The results obtained using the initial-rate method for the ratio between the reaction rate and enzyme concentration, r/e 0 , are shown versus t P in Figure 1 . No significant variation was detected in enzyme activity after 5 h at 50°C, and our maximum experimental time was 3.25 h.
Results and Discussion
If we consider the irreversible cellobiose reaction the molar concentration of the total product, glucose (G) plus cellobiose (S), P, expressed as glucose equivalent, is constant throughout the process:
Thus the conversion ratio (x) may be defined according to and the consumption rate of cellobiose (r), according to the mechanisms generally accepted for enzymatic reactions (8, 9) , can be expressed as the product of the enzyme concentration (e, g/L) multiplied by a function of the conversion ratio and the molar concentration of the total product:
By separating the variables and integrating we get where the first integral depends on the reaction mechanism and the second one is a function of enzyme deactivation. In this case there is no deactivation (e ) e 0 ), and the second integral can be given by e 0 ‚t. The product (e 0 ‚t) can be taken to be a suitable treatment intensity, y, expressed in min‚g/L, as we have shown elsewhere (4) .
For the integral approach we chose a fairly general mechanism for the irreversible hydrolytic reaction proposed by Hong et al. (10) , which allows for substrate inhibition (S + ES), competitive product inhibition (G + E), and noncompetitive product inhibition (G + ES), and also includes the possibility that the SES compound may contribute to the production of glucose.
If we accept the steady-state approximation for every intermediate compound we can deduce the following rate equation:
where Equation 7 allows us to define the function f (x,P) and thus resolve the first integral of eq 5 (Appendix) to obtain where which are ordered in such a way as to allow us to determine progressively the kinetic parameters from those corresponding to eq 8.
If SES does not contribute to glucose production, eq 7 is simplified to
the integrated equation becomes and apart from eqs 9 and 11, the following relationships also exist:
which are also set out in the appropriate order to determine the kinetic parameters.
The experimental results in Figures 2-5 are expressed in terms of conversion versus treatment intensity for each of the pH values assayed at each of the substrate concentrations used. The dashed line represents the theoretical curves corresponding to eq 8 for the case when K G and K SG are nought and employing the values of the other parameters determined previously (11) via the initial-rate method, i.e., using only the experiments with low treatment-intensity values. It can be seen in these figures that the theoretical curves only reproduce the experimental values acceptably up to conversions of some 25%. To fit the experimental results for higher conversions we need to take product inhibition into account. We must furthermore bear in mind that it would not be reliable to design the enzymatic reactor on the basis of kinetic parameters obtained by the initial-rate method except if we start off with mixtures of cellobiose and glucose.
In Table 1 we have set out the results obtained by multiple-regression fitting of the sets of experimental data (P, y, and x) at each pH assayed to eqs 8 and 16, using the Microsoft Excel spreadsheet and, with eq 8, the Solver option to iterate the value of . We include the values for the determination coefficient, r 2 , the sum of the residual squares, SS res , and Snedecor's experimental F value, although the spreadsheet can also be used to give the standard error for coefficients. Student's t test was applied to the multiple-regression coefficients and Snedecor's F test to the randomness of our results, with which we were able to show that for eqs 8 and 16 both the equations and the coefficients were valid for calculating y with probabilities of error of less than 1% and 0.5%, respectively, at all the pH values assayed.
It is also noteworthy that the statistics of the fittings of eqs 8 and 16 differ only slightly, which means that whether the SES compound intervenes in the production of glucose has great bearing on the fitting of the experimental results, although they are slightly better with eq 8. To see more clearly the type of fittings that we can achieve for the values of y the solid lines in Figures 2-5 indicate the theoretical curves corresponding to the fittings to eq 8 (those corresponding to the fittings to eq 16 are very much the same). It can be seen in these figures that, except for a lower overprediction at S 0 ) 1 mM for pH values of 3.65 and 4.3, the reproduction of the experimental results is quite acceptable throughout the entire conversion range and thus the parameters obtained are valid and suitable for incorporation into the design of the enzymatic reactor. Equations 7 and 15 can be turned into a MichaelisMenten form to include inhibition; thus when the SES compound contributes to glucose production, and the same equation with k a2 ) 0 if this is not the case. We obtained the parameters for eqs 7 and 15 from the coefficients of eqs 8 and 16, obtained previously via multiple regression, and thus were able to arrive at those for eq 20 and its simplification when k a2 ) 0 ( 
method, although starting off with glucose and cellobiose mixtures, and thus they do not satisfactorily reproduce the results obtained by integral experiments. We have not included the values of k a2 in Table 1 because they show no definite trend versus pH and so we have preferred to adopt an average value of 0.00682 (min‚g/ L) -1 and use this in the calculations for all pH values. A comparison of the kinetic parameters with regard to the pH values reveals that (a) the rate constant, k a , is highest at either pH 4.9 or 4.3, according to whether the SES compound is considered as being important in glucose production; (b) the Michaelis constant, K m , is highest at pH 4.9 regardless of whether the fitting is to eq 8 or eq 16; (c) the substrate-inhibition constant, K IS , shows no definite trend versus pH as far as the fittings to eq 8 are concerned but is highest at pH 4.9 when considering the fittings to eq 16, although with this equation the values in general are much lower than when SES is taken to contribute to glucose production and also compared to the values given by Hong et al. (10) for pH 4.8; (d) when we use eq 8 the constant for noncompetitive product inhibition, K IAG , has maximum values between pH 4.3 and 5.5, similar to those given by Hong et al. (10), but with eq 16 the values are somewhat lower, with maxima at 4.3 and 4.9; and (e) the constant for competitive product inhibition, K ICG , tends to rise concomitantly with pH regardless of whether SES is considered to contribute to glucose production.
Finally, having been able to establish the effects of pH upon the kinetic parameters, we determined the most suitable pH value for the conversion of cellobiose into glucose using Novozym. By applying eq 8 and using the parameters set out in Table 1 , we obtained values of y from the experimental conversion values and for the three initial concentrations of cellobiose assayed, all of which are set out versus the conversion values in Figure  6 . It can be seen that the optimum pH is one of 4.3, followed by 4.9, while the extremes used, 3.65 and 5.5, are less so. Our optimum pH value of 4.3 is somewhat lower than the 4.8 recommended by the manufacturers of Novozym.
Conclusions
We used wide variations in the conversion to be able to apply the integral method to an assessment of the efficacy of the hydrolysis of cellobiose with Novozym 188, a commercial product with high -1,4-glucosidase activity derived from Aspergillus niger. In this way, we proved the applicability of a fairly general mechanism for the irreversible hydrolytic reaction proposed by Hong et al. (10) and deduced a kinetic equation directly applicable to the design of a reactor for the enzymatic hydrolysis of cellobiose. This equation may also be of use as a starting point in any further studies into the hydrolysis of other soluble oligosaccharides. We also determined that at pH values of 3.65, 4.3, 4.9, and 5.5, to fit the experimental results for conversions of above 25%, product inhibition has to be taken into account, and thus we applied a multiple-regression fitting of the sets of experimental data (conversion -treatment intensity) at the different initial cellobiose concentrations assayed. Whether the SES compound contributes to the formation of glucose does not influence the fitting of the experimental results to the theoretical model to any significant extent. Accepting that the SES triple compound does enhance glucose production, we have determined that the rate constant and the Michaelis constant are highest at pH 4.9, the substrate-inhibition constant shows no definite trend versus pH, the constant for noncompetitive product inhibition has maximum values between pH 4.3 and 5.5, and the constant for competitive product inhibition tends to rise concomitantly with pH. Our final conclusion is that a pH of 4.3 is the most suitable value for the conversion of cellobiose into glucose using Novozym 188.
Appendix. Application of the Integral Method
According to eqs 2 and 3, the concentrations of the product and substrate are given by Thus the function f (x,P) in eq 7 can be expressed as This function can be substituted into eq 5, thus giving the solution of which leads to eq 8. 
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